This article reviews recent studies that have examined differences and similarities in the neurotrophic growth factor requirements of neural crest-and neural placode-derived sensory neurons of the developing chick embryo. From in vitro experiments using both explant and dissociated, neuron-enriched cultures of spinal and cranial nerve sensory neurons, it has been established that only sensory neurons of neural crest origin are responsive, at least in terms of survival and neurite outgrowth, to mouse submandibular gland nerve growth factor (NGF). Sensory neurons derived from neural placodes (neurons of the ventrolateral portion of the trigeminal ganglion and the entire neuronal population of the vestibular, geniculate, petrosal and nodose ganglia) are largely unresponsive to NGF throughout embryonic development, but do respond to neurotrophic activity present in extracts of brain and various peripheral 'end-organs', such as heart or liver. By incubation of neuron-enriched cultures with radiolabelled [12SI]NGF, followed by autoradiographic exposure, it has been demonstrated that placode-derived neurons, in marked contrast to those of neural crest origin, are completely devoid of specific cell surface receptors for NGF. In contrast to differences in their requirement and responsiveness to NGF, both placode-and crest-derived sensory neurons are responsive to the survival and neuritepromoting activity of a recently purified brain-derived neurotrophic factor (BDNF). It is postulated that all primary sensory neurons have a dual growth factor requirement during development; their survival being dependent on a supply of both a peripheral and a central 'target'-derived neurotrophic factor. It appears that BDNF may act as common 'central target-derived' neurotrophic factor for both placode-and crest-derived sensory neurons, but that within peripheral tissues there are specific neurotrophic factors for each of these two classes of primary sensory neurons.
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R. M. Lindsay and others two contributory sources to the formation of the peripheral nervous system, that of the neural crest has been the more extensively studied (for a review, see Le Douarin, 1982) , especially in birds where it is now well established that the neural crest gives rise to both the neurons and the satellite cells of autonomic ganglia and spinal nerve sensory ganglia (dorsal root ganglia, DRG). More recently, the precise contribution of the neural crest and neural placodes to the formation of cranial nerve sensory ganglia has been elucidated (Noden, 1978; Narayanan & Narayanan, 1980; Ayer-Le Lievre & Le Douarin, 1982; D'Amico Martel & Noden, 1983; and see Lindsay & Rohrer, 1985 , for a review of earlier studies) using the quail-chick chimera transplantation paradigm devised by Le Douarin (1973) . It is now concluded, at least for birds, that neurons of the distal ganglia of the Vllth, IXth and Xth cranial nerves (geniculate, petrosal and nodose ganglia, respectively) and neurons of the vestibuloacoustic complex of the VUIth cranial nerve are exclusively of neural placode origin. The trigeminal ganglion of the Vth cranial nerve contains neurons of both crest and placode origin (the placode-derived neurons being predominant in the ventrolateral pole of the maxillo-mandibular lobe) while the satellite cells of all cranial ganglia are entirely of neural crest origin.
It is now well established that during embryonic development the survival and subsequent maturation of certain classes of peripheral neurons is vitally dependent upon specific neurotrophic growth factor molecules. Until recently the vast majority of evidence supporting such a crucial role for neurotrophic growth factors in development and maintenance of the nervous system had come almost entirely from studies with nerve growth factor (NGF) isolated from the submandibular glands of mice (for a review of NGF, see Thoenen & Barde, 1980) . Studies in vitro and in vivo have led to the present view that sympathetic neurons require NGF for survival and maintenance during embryonic and post-natal development. Spinal sensory neurons have also been shown to require NGF for survival, but their dependence on NGF appears to be limited to a fixed period of embryonic development.
In contrast to extensive information on the role of NGF in promoting survival and neurite outgrowth from neural crest-derived sensory neurons, there have been very few studies that have addressed in any detail the neurotrophic growth factor requirements of neural placode-derived sensory neurons. Whilst studies on the development of mammalian cranial nerve ganglia in vivo suggest that placodederived sensory neurons are insensitive to NGF (Johnson, Gorin, Brandeis & Pearson, 1980; Pearson, Johnson & Brandeis, 1983) , evidence from in vitro studies on the responsiveness of placode-derived sensory neurons to NGF is both scant and conflicting. Published and unpublished studies by Levi-Montalcini (1966; personal communication; see also, Hamburger, 1962) suggest that NGF does not promote the survival or outgrowth of neurites from placode-derived ganglia such as the nodose ganglion or ventrolateral pole of the trigeminal ganglion of the chick. This view is also supported by more recent studies on the chick trigeminal and nodose ganglia in culture (Ebendal & Hedlund, 1974 , 1975 Lindsay, 1979; Lindsay et al. 1982; Davies & Lumsden, 1983) . However, explants of the chick embryo nodose ganglia and dissociated cultures of perinatal rat nodose ganglia have been reported to be responsive to NGF, in terms of the survival and neurite promoting activity of NGF (Hedlund & Ebendal, 1980; Baccaglini & Cooper, 1982) .
This report summarizes recent studies (Davies & Lindsay, 1985; Lindsay & Rohrer, 1985; Lindsay, Thoenen & Barde, 1985) comparing the effect of NGF as a neurotrophic growth factor upon explant and dissociated neuron-enriched cultures of neural crest and neural placode-derived sensory neurons. In addition the response of these two classes of sensory neurons to BDNF, a novel neurotrophic factor recently purified from pig brain (Barde, Edgar & Thoenen, 1982) , has been examined using cultures of nodose and spinal DRG ganglia as representatives of neural placode and neural crest-derived sensory neurons, respectively.
M ATERIALS AND METHODS

Cultures
Dorsal root ganglia and cranial nerve sensory ganglia (trigeminal, jugular, vestibular, geniculate, petrosal and nodose ganglia) were taken from chick embryos of ages between E4 and E l6, as described previously in detail (Davies & Lindsay, 198S; Lindsay & Rohrer, 1985) . For explant cultures five or six ganglia of each type were embedded in 1 ml of collagen gel in 35 mm Nunc tissue culture dishes (Lindsay & Tarbit, 1979) . After gelation, each culture was overlaid with 1-5 ml of growth medium (Eagle's minimum essential medium supplemented with 10% heat-inactivated horse serum) containing, as appropriate, NGF, tissue extract or other additives. In explant cultures the magnitude of neurite outgrowth scored at 24 and, or, 48 h was taken as a measure of responsiveness to NGF or other neurotrophic factor activity. All measurements were made under phase-contrast microscopy at X125 magnification with neurite outgrowth being rated on an arbitrary scale of 0 to 5+, or 0 to 10+ as before (Lindsay & Peters, 1984; Davies & Lindsay, 1985, respectively) .
Dissociated, neuron-enriched cultures of placode-or neural crest-derived sensory neurons were established from ganglia taken from chick embryos of ages between E5 and E12, as before (Lindsay & Rohrer, 1985) . Neuron-enriched cell suspensions were plated at densities between 5 x l0 3 and 12X103 cells per 35 mm culture dish. For most bioassays using dissociated neuron-enriched cultures, culture dishes were pre-coated either with a thin film native collagen gel, or with poly-Llysine (50 /¿gml" 1) or both. In studies on the responsiveness of sensory neurons to BDNF, culture dishes were coated sequentially with poly-D,L-ornithine (500 fig ml-1) and the basement membrane protein laminin as described previously (Edgar, Timpl & Thoenen, 1984) . The response of dissociated neurons to NGF, tissue extracts or BDNF was assessed by determining the percentage of the cells originally plated that survived as process-bearing neurons (phase-bright cells with neurites at least 4-5 cell diameters in length) at a minimum of 48 h after plating. In the absence of any exogenous neurotrophic activity the percentage of process-bearing cells that survived beyond 24 h was never more than 3-5 %.
Tissue extracts
Extracts of chick tissues (E18-E20 chick embryo heart and brain, 1 week post-hatching chick liver) were prepared as described previously (Lindsay & Peters, 1984; Lindsay & Rohrer, 1985) .
[I2SI]NGF binding and autoradiography
Dissociated, neuron-enriched cultures of nodose and DRG ganglia taken from E5-E12 chick embryos were cultured on polyornithine-coated 4-well 35 mm dishes as before (Rohrer & Barde, 1982; Lindsay & Rohrer, 1985) . Cultures were grown in F-14 medium supplemented with 10% horse serum, 15 % chick liver extract and 5 ngml-1 NGF.
The preparation of [125I]NGF, labelling of cultures, fixation, dipping and autoradiographic exposure was carried out as described before (Rohrer & Barde, 1982; Lindsay & Rohrer, 1985) .
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RESULTS AND D ISC U SSIO N
Response of ganglion explants to NGF
In explant culture the most extensive comparisons were made between the response of E4-E16 chick embryo nodose and DRG ganglia to NGF concentrations over the range 0-5 to 50ngml_1. As shown in Fig. 1 some spontaneous neurite outgrowth was observed in control cultures of nodose ganglia at the earliest ages studied (E4-E5). This spontaneous neurite outgrowth in the absence of any exogenous neurotrophic activity seems to be peculiar to the nodose, and to a lesser extent to the petrosal ganglion, as it has not been observed to any substantial degree with other cranial nerve ganglia or DRG (Davies & Lindsay, 1985; Lindsay & Rohrer, 1985) . In addition to the spontaneous fibre outgrowth from E4-E5 explants, it is clear that neurite outgrowth from nodose ganglia at this stage is stimulated by NGF (Figs 1,2) , although the density of the fibre halo never reaches that seen with older DRG (Fig. 1h ) . A slight response to NGF was still observed at E7 but by E9 nodose ganglion explants appeared to be refractory to the neurite-promoting activity of NGF. This pattern of responsiveness of cultured nodose ganglia to NGF is in complete contrast to that observed with DRG. The latter show little neurite outgrowth in response to NGF at embryonic ages below E6, but exhibit increasingly dense fibre outgrowth in response to NGF at chick embryo ages above E7.
Our initial observations with the nodose ganglion were later extended to a com parison of the NGF responsiveness of all other chick embryo sensory ganglia of either neural crest or neural placode (Davies & Lindsay, 1985) . As predicted, the neurite promoting activity of NGF was confined, except at very early embryonic ages, to sensory ganglia of neural crest origin (DRG, dorsomedial portion of the trigeminal ganglion and the jugular ganglion) as shown for explant cultures of E ll ganglia in Fig. 3 . Whilst modest neurite outgrowth was observed from E4-E6 geniculate and petrosal ganglion in response to NGF, the ventrolateral pole of the trigeminal ganglion and the vestibular ganglion were refractory at all ages to NGF (Davies & Lindsay, 1985) . In all the above experiments increasing the NGF concentration above 50ngml_1 (up to 1 /igml-1) had no further effect in promoting neurite outgrowth from placode or crest-derived ganglia.
Response of dissociated neurons to NGF
As studied over the developmental range E6 to E l2, dissociated neuron-enriched cultures of nodose ganglia were refractory to NGF in terms of enhanced survial or Fig. 1 . Phase-contrast micrographs of ES, E7 and E9 chick embryo nodose ganglia (a -f ) and E9 dorsal root ganglia, DRG (g ,h), explants after 24h in culture. The left-hand panels (a ,c ,e ,g ) show control cultures and the right-hand panels show explants grown in the presence of NGF at 25 ngml-1. Explants were cultured in collagen gel as described in Materials and Methods. Bar, 100 jUm. (Fig. 4) . Whilst in previous studies with DRG neurons alone we have routinely used the term neuronal survival (defined as 'phase-bright cells with neurites at least 4 to 5 cell diameters in length') as a measure of the responsiveness of neurons to NGF or other trophic activity, it is clear that this definition must be modified when dealing with nodose (and perhaps other) neurons. With highly enriched cultures of DRG neurons, at least of the chick embryo, cultured on dishes coated with either collagen, polylysine or polyornithine, we have invariably found that in control cultures all of the neurons die in the absence of exogenously added neurotrophic growth factor. However, with chick nodose ganglion neurons, especially from older (E12) embryos, we have observed both on collagen-and laminin-coated dishes (Lindsay & Rohrer, 1985; Lindsay et al. 1985 ) that a small percentage of neurons survive and extend neurites without added neurotrophic factor and quite a high percentage of phase-bright neuronal cells survive but do not extend processes even after 1 week in culture. Thus, although it makes no difference to previous or present results, the response of dissociated, neuron-enriched cultures to NGF, tissue extracts or BDNF is now defined in terms of 'process-bearing' neurons rather than 'surviving' neurons.
Although less detailed than our studies with dissociated cultures of the nodose ganglion, a comparative study of the response to NGF of dissociated, neuronenriched cultures of either E6 or E9 vestibular, petrosal, jugular or DRG indicated again that NGF only elicits fibre outgrowth from sensory neurons of neural crest origin as neurons of the two placodal ganglia (vestibular and petrosal) tested were refractory to NGF (Davies & Lindsay, 1985) .
Response of placode-derived neurons to tissue extracts
Although NGF does not appear to influence the survival or outgrowth of neurites from placode-derived sensory neurons, it has previously been shown that nodose ganglion neurons do survive and elaborate extensive neurites in vitro when co cultured with astroglial cells from adult rat brain (Lindsay, 1979; Lindsay et al. 1982) . In more recent studies (Davies & Lindsay, 1985; Lindsay & Rohrer, 1985) we have shown that nodose and other placode-derived neurons are also responsive to neurotrophic activity in extracts of various peripheral organs. For example, liver extract from 1-week-old chicks was found to elicit neurite outgrowth from both nodose (Fig. 4) and petrosal neurons, although, interestingly the same extract had no effect on vestibular neurons of the same developmental age. Nodose ganglion neurons from E12 chick embryos were found to be the most responsive (50-60%) to 
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the neurite promoting activity of chick liver extract, but even at embryonic age E5 chick liver extract elicited neurite outgrowth from 25-30% of nodose ganglion neurons. The neurotrophic activity in chick liver extract has been shown to be dose dependent and is not blocked by antiserum to mouse NGF, at least as far as neurite promoting activity towards placode-derived sensory neurons is concerned.
Receptors for NGF on sensory neurons
Cultures of DRG and nodose ganglion neurons from E6-E12 chick embryos were maintained in culture with either chick liver extract, NGF (5 ngm P1), or both, and after 2 days in culture the percentage of cells that were labelled with [125I]NGF was determined as described previously (Rohrer & Barde, 1982; Lindsay & Rohrer, 1985) . Regardless of whether they had been cultured in the presence of liver extract alone or with liver extract plus NGF, more than 90% of process-bearing E6-E10 DRG neurons were heavily labelled with [12SI]NGF, as shown by the heavy accumulation of silver grains observed on neurites and cell bodies after auto radiographic exposure (Fig. 5a,b) . Over this age range the percentage of DRG neurons that survived and produced neurites in response to exogenous neurotrophic activity (NGF or liver extract) ranged from 25-30% at E6 to 50-60% at E10.
In marked contrast to DRG neurons, cultures of nodose ganglion neurons from chick embryos of all ages between E6 and E12 were found to be virtually devoid of specific cell surface receptors for NGF as assessed by incubation with [12SI]NGF and autoradiography. As shown in Fig. 5c ,D the density of silver grains on cultured nodose ganglion neurons was not above background. This observation was the same regardless of whether nodose ganglion neurons were cultured in the presence of liver extract alone or with liver extract plus NGF. The only age at which there was any indication of specific NGF receptors on nodose ganglion neurons was at E5, where in a limited number of experiments up to 35 % of process-bearing nodose ganglion cells were labelled with silver grains after incubation with [125I]NGF.
Response of DRG and nodose ganglion neurons to BDNF
In addition to their requirement for NGF, it has recently been suggested that DRG neurons may be dependent on a second neurotrophic factor (Barde, Lindsay, Monard & Thoenen, 1978; Lindsay, 1979; Lindsay & Tarbit, 1979; Barde et al. 1980 Barde et al. , 1982 Lindsay et al. 1982; Lindsay & Peters, 1984) . These studies have led to the recent isolation and complete purification from pig brain of a novel neurotrophic growth factor: brain-derived neurotrophic factor or BDNF (Barde et al. 1982) . Given that nodose ganglion neurons are refractory to NGF, as reported here, but exhibit enhanced survival and neurite outgrowth when cultured with adult rat brain astroglial cells (Lindsay, 1979; Lindsay et al. 1982) , it was of interest to compare the response of DRG and nodose ganglion neurons to BDNF. When cultured on laminin-coated tissue culture dishes (Edgar et al. 1984) , we have found that 40-50% of nodose ganglion neurons from chicks of embryonic ages between E6 and E12 survive and extend neurites in the presence of BDNF (10-20ngm l-1). At younger ages (E6) BDNF promotes survival and neurite outgrowth from nodose ganglion neurons, whilst at older embryonic stages (E12), at least on a laminin substrate, nodose ganglion neurons can survive (without pro cesses) for a week or more without the addition of exogenous neurotrophic activity, but do extend neurites in response to BDNF (Lindsay et al. 1985) . The addition of NGF to cultures of nodose ganglion neurons had no additive or synergistic effect with BDNF. Over the same age range (E6-E12) on laminin-coated dishes, BDNF supported survival and neurite outgrowth from 40-70% of DRG neurons. In the case of DRG neurons, however, the combination of NGF with BDNF was additive such that almost all (85-100%) of the cells plated survived and produced neurites when both neurotrophic factors were present. In this article summarizing our recent studies in which we compared the neurotrophic growth factor requirements of neural crest and neural placode-derived sensory neurons, we have suggested that NGF has little or no effect in promoting either the survival or outgrowth of neurites from placode-derived neurons. We have shown, at least with the nodose ganglion, that placode-derived sensory neurons are devoid of NGF receptors even at very early embryonic stages (E6).
We are, however, left with the anomalous result that explants of E4-E6 geniculate, petrosal or nodose ganglia do exhibit modest fibre outgrowth in response to NGF, although at all stages in dissociated, neuron-enriched cultures we have not observed any neurotrophic effect of NGF towards these placode-derived neurons. In the light of our own bias, it is tempting to speculate that the NGF-induced neurite outgrowth from the above three placodal ganglia in explant culture is not in fact fibre outgrowth from placodal neurons but is rather a peculiar in vitro phenomenon whereby neural crest-derived cells within these otherwise placodal ganglia express neuronal poten tials (neurite outgrowth) that are not normally expressed, or indeed are actively repressed in vivo. As we have recently outlined (Davies & Lindsay, 1985; Lindsay et al. 1985) this suggestion arises from quail-chick transplantation studies by Ayer-Le Lievre & Le Douarin (1982) . These authors have shown by construction of a chimeric nodose ganglion, which was subsequently transplanted back into the neural crest migration pathway of a young host, that neural crest-derived precursor cells, which normally only give rise to satellite cells of placode-derived ganglia, can express neuronal potentialities (autonomic neuron phenotype) when exposed to a different environment than usual.
Finally, we have shown (Lindsay et al. 1985) that both neural crest and neural placode-derived sensory neurons are responsive, at least in vitro, to a neurotrophic factor (BDNF) derived from the central nervous system. We interpret this observation, although still preliminary, as indicating that within their central 'target' most, if not all, primary sensory neurons of both crest and placode origin share a common neurotrophic factor. This is obviously in contrast to the situation in the periphery, in which we interpret the differential response of DRG and nodose ganglion neurons to NGF as indicative of there being distinct growth factors in peripheral tissues for these two classes of peripheral neurons. It remains to be established whether a peripheral and a central neurotrophic factor are required simultaneously by developing sensory neurons or whether, as previously suggested Fig. 5 . Autoradiographic detection of NGF receptors on E6 and E9 chick embryo DRG sensory neurons (a ,b ) and contrasting lack of NGF receptors on placode-derived nodose ganglion sensory neurons of similar ages (c ,d ). Dissociated, neuron-enriched cultures of each type of ganglion were maintained for 2 days in the presence of chick liver extract (150¡x\m P 1) and NGF (5ngml_1) on polyornithine (500/igml-1) coated dishes before incubation with [125I]NGF and autoradiographic exposure as described previously (Rohrer & Barde, 1982) . Note dense silver grains over all DRG neurites, even at E6 (a ), and complete absence of grains over similarly treated nodose ganglion cultures. Bar, 100 /um. Y.-A. (1985) . Placode and neural crest-derived sensory neurons are responsive at early developmental stages to brain-derived neurotrophic factor (BDNF). Devi Biol, (in press). N a r a y a n a n , C. H. & Narayan a n , Y. (1980) . Neural crest and placodal contributions in the development of the glossopharyngeal-vagal complex in the chick. Anat. Rec. 196, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] 
